Introduction
As sessile organisms, plants are unable to move actively towards favourable or away from unfavourable environmental conditions. Therefore throughout their evolution, plants have adapted to their environments in order to withstand the challenges of their habitats and to sustain their growth and reproduction. Light is one of the major environmental signals that influences plant growth and development. Not only is light the primary energy source for plants but it also provides them with positional information and controls the mechanisms that underlie photomorphogenesis, circadian rhythms, and flowering time. 1 The phenotypic changes associated with growth in complete darkness (skotomorphogenesis) compared to growth in the light (photomorphogenesis) are among the most dramatic events in seedling development. 2 Seedlings grown in the dark characteristically have a long hypocotyl, closed cotyledons and an apical hook ( Figure 1 ). Light-grown seedlings have a short hypocotyl, open and expanded cotyledons, differentiated chloroplasts and express light-inducible genes. 2 Three mutant screens in Arabidopsis have led to the identification of a class of pleiotropic mutants, which mimic many aspects of photomorphogenic seedling development in darkness. [3] [4] [5] [6] [7] [8] These mutants are now collectively referred to as cop/det/fus (constitutive photomorphogenesis/de-etiolated/fusca) mutants and belong to 11 distinct recessive mutant loci in Arabidopsis (Table 1) . Like light-grown seedlings, cop/det/fus mutants have a short hypocotyl, open cotyledons, and express light-inducible genes when grown in the dark (Figure 1 ). Many fus mutants are allelic to the cop and det mutants but were initially identified as seedlings which accumulate excess levels of anthocyanin, phenotypically distinguishable by their dark purple seed colour. 6 Genetic analysis has placed the cop/det/fus mutants downstream of multiple photoreceptors and their gene products have been categorized as repressors of photomorphogenesis in darkness. 9 The COP9 signalosome Following the cloning of the COP9 gene from Arabidopsis it was soon found that the COP9 protein elutes from 8, 12 Presence (+) or absence (−) of the COP9 signalosome in these mutants as determined by gel filtration chromatography is indicated together with the identity of the cloned genes. Please note that the entire COP9 signalosome is absent from mutants in its individual subunits COP/FUS/DET locus COP9 signalosome COP9 signalosome present/absent? subunit?
not done not cloned yet gel filtration chromatography columns as a 450-600 kDa multiprotein complex. 10, 11 This complex is undetectable in cop9 mutants and is also absent from mutants of seven other cop/det/fus loci suggesting that the genes affected in these mutants may encode other subunits of the complex or are involved in complex assembly (Table 1) . 12 After biochemical purification of the complex from cauliflower, the identity of its eight subunits was determined by peptide sequencing. 11, 13 These data could then be used to associate a number of the cop/det/fus mutants with other subunits of the complex (Tables 1 and 2 ). [13] [14] [15] [16] To date, mutants in a total of four COP/DET/FUS loci have been found to carry mutations in subunits of the complex. 11, 17 It is important to note that in all cases reported the loss of one subunit results in the loss of the entire protein complex. As the protein complex was first described following the cloning of the COP9 gene, it was initially termed the COP9 complex but has more recently been renamed the COP9 signalosome. 10, 11, [17] [18] [19] Various subunits of the COP9 signalosome have been identified as individual proteins and have therefore also been named separately (see below and Table 2 ). In order to make easy reference to the individual subunits, the subunit nomenclature has recently been revised. 19 Throughout this review, the new unified nomenclature for the COP9 signalosome subunits from CSN1 to CSN8 will be employed ( Table 2 ).
The COP9 signalosome is conserved in higher eukaryotes
Very early on it was apparent that many plant COP9 signalosome subunits have orthologues in other eukaryotes. Subsequently, mammalian COP9 signalosomes were purified based on their property to copurify with the 26S proteasome in a biochemical purification and also based on their homology to the plant COP9 signalosome. [27] [28] [29] Similarly, a Drosophila COP9 signalosome was characterized based on its homology to the human and plant complex. 30 While a COP9 signalosome or at least a related complex is also present in Schizosaccharomyces pombe, 21 it is absent from the budding yeast Saccharomyces cerevisiae. This can be predicted with certainty from the genome sequence of this organism, which does not contain genes with significant homology to seven of the eight COP9 signalosome subunits. 17 Mutants for the COP9 signalosome have now also been identified from Drosophila and Schizosaccharomyces pombe where, just like in the Arabidopsis mutants, the loss of one signalosome subunit results in the loss of the entire protein complex. In Drosophila, like in Arabidopsis, the effect of COP9 signalosome loss is severe and the Drosophila mutants die at the late larval or pupal stage. 30 The Schizosaccharomyces pombe mutant caa1, a CSN1 null-mutant, was identified as a genetic suppressor of the G1 cell cycle arrest caused by overexpression of Table 2 . Subunit composition of the COP9 signalosome using the unified nomenclature as agreed upon in Deng et al. 19 The corresponding cop/det/fus mutant loci and previously employed designations of the subunits are shown (hs, human; sp, Schizosaccharomyces pombe). Each COP9 signalosome subunit is paralogous to a subunit of the 19S regulatory particle (RP; shown in the right column). The amino acid identity between the mammalian COP9 signalosome subunit and the paralogous Saccharomyces cerevisiae 19S RP subunit is indicated in brackets (adapted from Glickmann et al. 33 and Wei et al. 17 
Chk1. 21 Interestingly, the loss of the COP9 signalosome in fission yeast has relatively minor effects. The fission yeast COP9 signalosome mutants are only delayed in their progression through the S phase of mitosis but are nevertheless viable.
COP9 signalosome subunits
None of the eight COP9 signalosome subunits contains a previously identified protein domain. However, six subunits contain a PCI domain, a conserved sequence motif of approximately 200 amino acids that is present in subunits of the 26S proteasome, the COP9 signalosome and the eukaryotic translation initiation factor eIF3. 31 The two remaining signalosome subunits contain an MPN domain (MPR1p, PAD1p N-terminal), a 140 amino acid domain, which is also found in two subunits of the 26S proteasome and the translation initiation factor eIF3. 32 Although to date the functional roles of the PCI and the MPN domains are not clear, their presence in at least three different multiprotein complexes suggests that these domains mediate protein-protein interactions possibly among the individual subunits of these complexes.
The similarity between subunits of the COP9 signalosome and the 26S proteasome is remarkable. Each of the eight subunits of the COP9 signalosome is paralogous to a subunit of the 19S regulatory particle (RP) of the 26S proteasome (Table 2) . 17, 18, 28, 33 Both complexes contain six PCI domain proteins and two MPN domain proteins. While the sequence homology between proteins with a PCI or an MPN domain is in most cases restricted to these domains, the homology between the COP9 signalosome and the 19S RP subunits extends over the entire length of the respective paralogues ( Table 2) .
The 26S proteasome is the major protein degradation machinery in eukaryotes and is responsible for the majority of cytoplasmic proteolysis. 34 The 26S proteasome is formed by the 20S core particle, which is capped on either side by a 19S RP (Figure 2 ). In the Saccharomyces cerevisiae mutant rpn10, which carries a deletion in the gene encoding the 19S RP subunit multiubiquitin chain-binding protein, the 19S RP can be easily dissociated into two smaller complexes, the 'base' and the 'lid'. 33 The 'base' contains six ATPase subunits and binds to the ends of the 20S core particle. The 'lid' binds the 'base' and is thought to recognize the ubiquitin tag on a substrate targeted for proteasome degradation. Surprisingly, the eight polypeptides which form the 'lid' subcomplex of the 19S RP are identical to the eight subunits that are paralogous to the COP9 signalosome ( Table 2) .
The similarity between the COP9 signalosome and the 'lid' of the 19S RP raises the possibility that the signalosome forms a kind of alternative proteasome, perhaps through association with the 'base' of the 19S RP ( Figure 2 ). While so far signalosome and proteasome subcomplexes have not yet been copurified, CSN1 from Arabidopsis interacts in yeast two-hybrid assays with a subunit of the Arabidopsis 19S RP, AtS9. 35 However, AtS9 is part of the proteasome 'lid', in fact the paralogue of the signalosome subunit CSN2, and the interaction between CSN1 and AtS9 would therefore suggest that the signalosome interacts with the entire 19S RP forming The 26S proteasome consists of a 20S core particle that is capped on either side by a 19S regulatory particle (RP). The 19S RP can be further subdivided into a 'base' and a 'lid' subcomplex. 33 The homology between the 'lid' subcomplex of the 19S regulatory particle and the COP9 signalosome suggests that the COP9 signalosome may interact with the 'base' of the 19S RP and form a hypothetical 'COP9 proteasome'. 17, 28, 33 However, the COP9 signalosome subunit CSN1 has been found to interact with a 'lid' subunit of the 19S complex and this would point toward a supercomplex consisting of the signalosome and the 26S proteasome. 35 a supercomplex of the COP9 signalosome and the 26S proteasome ( Figure 2 ). This is very speculative and in vivo evidence is needed to further substantiate this hypothesis.
The signalosome subunits
Individual subunits of the COP9 signalosome have been isolated in a variety of mutant or protein interaction screens (Table 2) . Human CSN1 was first identified as an extragenic suppressor of a lethal mutation in Saccharomyces cerevisiae caused by the deletion of the G-protein Gα subunit. 20 The same study shows that overexpression of CSN1 in mammalian cells inhibits c-JUN N-terminal kinase (JNK) activity and represses transcription from the AP-1 promoter element, a target site for the transcription factor c-JUN. In contrast to this observation, overexpression of two other signalosome subunits, CSN2 or CSN5, activates AP-1 promoter activity. 25, 36 A fragment of CSN2 was found in a two-hybrid screen to interact with several nuclear hormone receptors. [22] [23] [24] For example, the interaction between CSN2 and the thyroid hormone receptor only takes place in the absence of hormone where the thyroid hormone receptor functions as a transcriptional repressor. 23 Overexpression of CSN2 enhances the repression effect of the hormone receptor and has led to the functional classification of CSN2 as a transcriptional corepressor.
CSN3 is found in a genomic region, which is deleted in patients suffering the Smith-Magenis syndrome, and it has therefore been postulated that partial loss of the COP9 signalosome may be responsible for certain symptoms of this disorder. 37 CSN6 is identical to human HIV-1 Vpr-interacting protein (VIP). The overexpression of Vpr causes redistribution of CSN6 from the nucleus to the nuclear periphery and results in cell cycle arrest at the G2/M phase transition. 26
CSN5, a very special subunit
CSN5 deserves particular attention as it differs from the other COP9 signalosome subunits in several ways. First, CSN5 from Arabidopsis, Drosophila and mammalians is the only subunit that is present not only as a signalosome subunit but also as a monomer. 12, 30 COP9 signalosome mutants from Arabidopsis and Drosophila lose the complex but still retain the CSN5 monomer. Second, CSN5 is the only signalosome subunit that is conserved in Saccharomyces cerevisiae where it is present as a monomer (C. Schwechheimer, unpublished data). Finally, mammalian CSN5 has been isolated by many laboratories as a two-hybrid interactor of a series of bait proteins (Table 3) . Initially, CSN5 was identified as a specific interactor of the mammalian transcription factors c-Jun and Jun-D (Jun-activation domain-binding protein 1, JAB1). In transient transfection experiments, CSN5 overexpression en- 44 Bcl-3 45 modulator of NF-κB activity enhancer of protein complex formation hanced transactivation of c-JUN by stabilizing the interaction of c-JUN with the AP-1 promoter element (Figure 3) . 25 Interestingly, the fission yeast protein PAD1, a subunit of the 19S RP 'lid' and the paralogue of CSN5, has similar effects in the transcription assays. 25 This finding parallels with a genetic study in which PAD1 positively regulates PAP1 activity, the fission yeast counterpart of human c-JUN suggesting that both proteins, CSN5 and PAD1, have the same function or act in the same pathway. 38 c-JUN is not the only target for CSN5-mediated coactivation. In another set of experiments, ectopic overexpression of CSN5 also stimulated transactivation of a number of CSN5-interacting nuclear hormone receptors and the steroid receptor coactivator SRC1. 39 Another line of evidence for CSN5 function comes from studies with the cell cycle inhibitor p27 Kip1 , which also binds to CSN5. 40, 41 Elevated p27 Kip1 levels cause cell cycle arrest in the G1 phase in mammalian cells. Mitotic cells can enter the S phase only upon phosphorylation of p27 Kip1 by cyclin/CDK followed by its 26S proteasomemediated degradation. Transfection assays in mammalian cells with a CSN5 overexpression construct were found to cause translocation of nuclear p27 Kip1 to the cytoplasm where it is rapidly degraded by the 26S proteasome. Interestingly, CSN5 translocates to the cytoplasm together with p27 Kip1 . p27 Kip1 phosphorylation and 26S proteasome activity are essential for the translocation of p27 Kip1 and CSN5 and the subsequent degradation of p27 Kip1 . 40 Two possible roles for CSN5 can be extracted from these experiments, one as a protein that takes p27 Kip1 to the cytoplasm and one as a stabilizer of the interaction between p27 Kip1 and cyclin/CDK to assist in its phosphorylation.
The role for CSN5 as an interactor of the cell cycle regulator p27 Kip1 and as a coactivator of c-JUN may not be mutually exclusive. It has been experimentally proven that AP-1 promoter activity decreases under conditions where CSN5 translocates with p27 Kip1 to the cytoplasm. 41 Along these lines, nuclear import of CSN5 correlates with increased AP-1 activity. This was found in a study of the interaction of CSN5 with the cytoplasmic domain of the ß2 subunit of the mammalian αL/ß2 integrin LFA-1. 42 When the integrin binds to an extracellular matrix protein, CSN5 appears to dissociate from the integrin and to move to the nucleus where it enhances AP-1 promoter activity (Figure 3) .
Although the various data concerning CSN5 interactors stem from different experimental systems, these reports underline the importance of CSN5 for c-JUN activity and suggest that its nuclear/cytoplasmic distribution may be key to understanding its function. Unfortunately, none of the studies of the two-hybrid interactors of CSN5 have addressed the question of whether the observed effects are a result of interference with the CSN5 monomer alone or with the COP9 signalosome.
Furthermore, in view of a possible role for protein degradation in the CSN5/COP9 signalosome-mediated pathway, the DNA-binding assays with c-JUN may have to be reevaluated to assess whether the amount of c-JUN protein is constant in these assays. Furthermore, it is necessary to draw attention to another study that shows that epitope-tagged CSN5 shows different degradation kinetics from endogenous CSN5. 43 While endogenous (a) CSN5 interacts with the cell cycle regulator p27 Kip1 . 39 After phosphorylation of p27 Kip1 by cyclin/CDK, both proteins are exported to the cytoplasm where they are degraded by the 26S proteasome. p27 Kip1 degradation is associated with entry of cells into the S phase and reduced AP-1 promoter activity as indicated by the strength of the arrow. 41 (b) CSN5 binds to the cytoplasmic domain of the β-subunit (SU) of the integrin LFA1. 41 After the integrin has bound to its extracellular matrix protein (ECM) ligand, CSN5 dissociates from the receptor and accumulates in the nucleus where it stimulates AP1-promoter activity. It has not been addressed whether the activity of CSN5 is related to the COP9 signalosome or the monomeric CSN5 protein. Furthermore, it is not known whether the activity of the CSN5 monomer is related to the COP9 signalosome.
CSN5 is very stable and its degradation is not mediated by the 26S proteasome, exogenously expressed epitopetagged CSN5 is targeted for degradation by the 26S proteasome. The latter finding may in fact also explain why overexpressed tagged CSN5 incorporates only poorly into the COP9 signalosome. 36
COP1
COP1 and DET1 are the only known COP/DET/FUS loci that encode non-signalosome subunits. 3, 4, [46] [47] [48] In the case of COP1, at least three lines of evidence suggest that it is not a subunit of the COP9 signalosome. First, COP1 does not copurify with the COP9 signalosome in biochemical and immunoaffinity purifications of the COP9 signalosome. [11] [12] [13] Second, the 76 kDa COP1 protein elutes after gel filtration analysis with a molecular weight of 100-440 kDa suggesting that it may be part of one or possibly several multiprotein complexes. 49 Third, mutations in COP1 do not affect the structural integrity of the COP9 signalosome while the signalosome is absent from cop/det/fus mutants that carry mutations in signalosome subunits. 12 Like the other cop/det/fus mutants, cop1 mutants have a constitutive photomorphogenic phenotype in the dark. Yet, the existence of a number of weak viable cop1 mutant alleles has provided a tool to study the role of COP1 beyond repression of photomorphogenesis at the seedling stage. For example, two responses mediated by the far-red light receptor phytochrome A are impaired in the weak cop1 mutants, namely the end-of-day far-red response and the shade avoidance response. 4, 50 Furthermore, adult weak cop1 mutants flower early when grown in short day conditions and even produce flowers when grown in the dark. 50 This indicates that COP1 may also be involved in light-dependent control of flowering time.
COP1 nucleocytoplasmic partitioning
Rather than regulating the abundance of COP1 mRNA or protein, light influences the intracellular distribution of COP1. 15, [51] [52] [53] In the dark, COP1 accumulates to high levels in the nucleus of hypocotyl cells (Figure 4) . However, in the light or when seedlings are shifted from darkness to light, the COP1 protein is excluded from the nucleus. When shifted back from the light to the dark, COP1 protein accumulates again in the nucleus. The change in localization is mediated by any of the three well studied light receptor proteins, phytochrome A (far-red), phytochrome B (red) and CRY1 (blue), an observation that places COP1 downstream of these three light-signalling pathways. 9 The light-dependent localization of COP1 is preserved in a mammalian COP1 homologue when assayed in plant cells. 54 Despite the fact that no signal is known that triggers the redistribution of human COP1 protein in human cells, the evolutionary conservation of its light-dependent redistribution in plant cells suggests that it is a major feature of COP1 function. Although the hypothesis that the redistribution of COP1 is a result of a specific nuclear export/import mechanism is somewhat favoured, it cannot be ruled out that this redistribution is the result of targeted degradation of COP1 protein in the respective compartments.
Interestingly, COP1 nuclear localization in darkness depends on a functional COP9 signalosome. COP1 localizes constitutively to the cytoplasm in cop/det/fus mutants that lack the COP9 signalosome and the function of the nuclear COP1 is therefore impaired in these mutants. 11, 52 Hence, the absence of COP1 protein from the nucleus in the dark could explain why cop1 and COP9 signalosome mutants have the same phenotype.
A role for COP1 in protein degradation
COP1 has at least three discernible protein-protein interaction motifs, a RING finger, a coiled-coil domain and a domain consisting of seven WD40 repeats ( Figure 4) . 46, 50, 55 Various approaches have led to the isolation of COP1-interacting proteins. [56] [57] [58] [59] By far the best studied interacting partner is HY5. 60 HY5 is a bZIP transcription factor and interacts with the WD40 repeat domain of COP1. 55 Unlike other plant bZIP transcription factors, that have been implicated in light responses, HY5 localizes constitutively to the nucleus. 61 Studies with promoter GUS fusions in a hy5 mutant background as well as a series of in vitro studies have shown that HY5 is involved in light-inducible gene expression by interacting with G-boxes, light-responsive promoter elements found in numerous light-inducible promoters. 57, 61 HY5 protein is more abundant in the light than in the dark, a result of the dark-specific degradation of HY5 protein by the 26S proteasome [ Figure 4(a) ]. 62 The abundance of HY5 protein is inversely correlated with the nuclear abundance of COP1 and studies with HY5 and COP1 deletion constructs have shown that physical interaction between COP1 and HY5 is necessary for HY5 degradation to occur [ Figure 4(b) ]. HY5 is not degraded in COP9 signalosome mutants, which could be explained by the fact that COP1 is excluded from the nucleus in these mutants. 62 All these findings are consistent with the notion that the abundance of HY5 is regulated by nuclear COP1 protein. As mentioned above, one of the functional domains of COP1 is a RING finger and several RING finger containing proteins have recently been implicated in the ubiquitination of specific substrate proteins to target them for degradation by the 26S proteasome. 63 This raises the possibility that COP1 may also function as one of the proteins that assists in the ubiquitination of HY5 protein, hence tagging it for degradation by the proteasome [ Figure 4(b) ].
Perspective
Recent findings suggest a role for the COP/DET/FUS proteins in mediating protein degradation: (i) the similarity between the COP9 signalosome and the 'lid' subcomplex of the 26S proteasome and (ii) the COP1-mediated degradation of HY5 protein in dark-grown seedlings. Future research will have to define better how COP1 mediates the degradation of the HY5 protein and how its activity and nucleocytoplasmic distribution are regulated by the COP9 signalosome. It also remains to be seen how and where the DET1 protein and the other so far uncloned COP/DET/FUS proteins fit into the network of COP9 signalosome proteins and COP1. This may ultimately improve our understanding of how the COP/DET/FUS proteins repress photomorphogenesis in the dark. our laboratory is supported by grants from NIH, NSF, HFSP and BARD. C. Schwechheimer is supported by a fellowship from the Deutsche Forschungsgemeinschaft and Xing-Wang Deng is a NSF Presidential Faculty Fellow.
